It is well known that the heating mechanism and powder precursor defi ne the microstructural characteristics of ceramics. Especially abnormal grain growth of pure alumina ceramics developed during conventional sintering method suggests that this material is a potential candidate to be treated in microwave sintering process. Alumina ceramics produced with commercial (A1K) and chemically synthesized powders were sintered in conventional and microwave furnaces. Two methods were employed to prepare the chemically synthesized nanosized powders: Pechini method and emulsifi cation with oleic acid. The microwave sintered samples were characterized by apparent density and scanning electron microscopy and compared with the samples sintered in a conventional furnace. Alumina ceramics sintered in the microwave furnace had fi ne grained microstructure, not related with the starting powders. This characteristic was achieved in a sintering time shorter than those produced in the conventional furnace. However, satisfactory densifi cation was observed only to A1K ceramics (3.95 g/cm 3 ) sintered during one hour in microwave furnace.
INTRODUCTION
Microwave sintering (μS) is usually described as a process that can promote densifi cation in ceramics at a very high heating rate of about 400 o C/min [1, 2] , at a lower temperature than that employed in the conventional sintering process (cS) [3] [4] [5] [6] . High density materials can be obtained by microwave and conventional heating methods [7] [8] [9] , presenting signifi cant differences in physical properties such as density, mechanical strength and grain size distribution.
Three essential mechanisms of heat transport can act during the conventional heating process: radiation, convection and conduction. In the case of microwave heating, the energy of the electromagnetic radiation is converted directly into thermal energy by reorientation of dipoles in the material. The dielectric loss or loss tangent (tanδ = ε"/ε') indicates the tendency of the material to convert absorbed energy into heat. This type of heating is more effi cient, since, unlike heat transport by convection or conduction, it involves no losses. The direct interaction between microwave irradiation and the material causes volumetric heating of the sample, thus eliminating the problem of thermal gradients inherent in conventional fi ring [3, 10] .
The structural state of both grain boundaries and surfaces of ultrafi ne ceramic powders is close to the amorphous state 3 ) sinterizadas durante uma hora em microondas. [11] . If the infl uence of reactivity or specifi c surface area of the materials in a microwave fi eld can be experimentally verifi ed, the effect of grain boundary on the microwave sintering enhancement would be confi rmed. Studies involving powders obtained by chemical routes could be very interesting to analyze this propose. Moreover, the chemical synthesis routes play a crucial role in preparing the fi nal product and are better than traditional methods for the production of fi ne-grained mixed oxide powders, having good physical properties. Fine powders prepared involve shorter diffusion distances in sintering processes and have improved microstructural homogeneity. Chemically synthesized alumina powders are well known for their nanometric-sized particles and low density ceramics [12, 13] , which makes them very interesting for microwave sintering. Thus, the aim of this work was to study the sintering behavior of a commercial alumina and alumina chemically synthesized by the Pechini method and by emulsifi cation in oleic acid, using the conventional and microwave sintering processes. The sample densities and microstructures were then compared and analyzed.
EXPERIMENTAL PROCEDURE

Preparation of alumina powders by chemical synthesis
Aluminum nitrate salt (Al(NO 3 ) 3 .9H 2 O) was used for the chemical synthesis of the alumina powders. In the Pechini method (PM), the salt was dissolved in an aqueous solution of citric acid in the proportion of 3:1, under constant agitation and heating. Ethylene glycol was then added in a 40:60 (citric acid: ethylene glycol) ratio, resulting in a PM solution.
For the synthesis with emulsifi cation in oleic acid (OA), aluminum hydroxide was precipitated from the PM solution, using ammonium hydroxide. After fi ltering the precipitate, oleic acid was added in a ratio of 40:60 to the dry mass of aluminum hydroxide. The precipitate and oleic acid were mixed for 30 min in a rotary mixer, at a rotation of 800 to 1000 rpm, resulting in the OA solution.
The resins obtained by the two methods were calcined at 500 ºC for 1.5 h and then at temperatures ranging from 900 to 1200 o C. In both cases, the transformation to α-Al 2 O 3 occurred in the powder treated at 1100 °C during 120 min, as indicated by the X-ray diffraction (XRD) analysis presented in Figs. 1a and 1b, respectively for OA and PM powders. Fig. 1 shows some spurious peaks related the presence of θ-alumina phase, considered a transition phase, which turns into α-Al 2 O 3 with increasing calcination temperature. The mean particles sizes, measured by half-width peak in the XRD of the OA and PM calcined powders were 31±4 nm and 38±6 nm, respectively.
The powder density values measured by helium picnometry were 3.68 and 3.96 g/cm 3 for OA and PM powders, respectively. The lower density value for OA powder indicates the presence of θ-Al 2 O 3 , in agreement with the XRD analysis.
Ceramics processing and characterization
The samples were uniaxially pressed under 40 MPa into cylindrical compacts (9.5 mm diameter and 3 mm thickness), after which they were isostatically cold pressed under 150 MPa.
The samples obtained by the conventional sintering process, cS ceramics, were sintered in an electrical furnace at 1650 o C for 5, 30, 60 min, at 5 o C/min; on the other hand the μS ceramics were sintered at 1650 o C at 400 o C/min for different times. The microwave furnace used in this work was modifi ed from a domestic model, with a nominal power of 1450 W and 2.45 GHz operating frequency, SiC as microwave susceptor and a chamber size of about 8000 cm 3 . The high-grade Al 2 O 3 (99.85% purity, Alcoa® A1000SG), consisting of fi ne particles averaging 1.05±0.15 μm diameter, were used to produced commercial alumina samples (A1K) which were compared with chemical powder ceramics. The particle size of the powder was measured in a particle size distribution equipment (Horiba Capa-700).
The density of the ceramics was determined after sintering, based on their mass and geometric dimensions. The microwave effect on densifi cation of alumina was evaluated by the enhancement in the sintered density achieved by microwave and conventional processes. The fracture surfaces were examined by scanning electron microscopy (SEM, Shimadzu SSX-550) to analyze the grain shape, size distribution and porosity. The grain size of the ceramic bodies was measured with a CAD software. Fig. 2 presents the density of A1K, PM and OA ceramics produced by cS method as a function of soaking time. Note that after 2 h at 1650 ºC the density of the A1K samples was about 99.2%TD. However, the PM and OA samples did not reach density values higher than 76%TD, probably due to the formation of aggregates, which is very common occurrence in chemically produced powders. Fig. 3 shows the effect of soaking time on the densifi cation of the samples of commercial alumina A1000 (A1K), Pechini method and emulsifi cation in oleic acid in the μS process. As can be seen, the densifi cation of the commercial alumina samples in the microwave fi eld was higher at the same temperature than that obtained by conventional process. A1K samples presented high densifi cation in 60 min (3.95 g/cm 3 ), while the PM and OA ceramics presented no signifi cant densifi cation. However, their density values were slightly lower than in PM and OA cS samples, suggesting that the densifi cation process is favored in microwave heating. Previous studies [14] showed that ceramics produced with these powders did not present density values exceeding 76%TD, despite being composed of nanometric particles. These nanometric particles produce aggregates that hinder compaction under pressure and create high porosity. However, an interesting fi nding is that the densities of the PM (3.0 g/cm 3 ) and OA (2.6 g/cm 3 ) ceramics obtained by the μS and cS processes were almost the same, although the μS process took less time. In fact, the coupling effi ciency of microwaves directly to the material is the primary advantage of microwave processing as compared to traditional routes. The volumetric heating ability of microwaves allows for more rapid and uniform heating, resulting in decreased processing time. Fig. 4 presents the fracture SEM micrographs of the A1K, PM and OA ceramics produced by the cS and μS methods fi red at 120 min. Note the more fi ne-grained microstructure of the μS samples compared to that of the cS samples, resulting from the faster heating rate applied in microwave sintering, which favors boundary diffusion and grain growth [15] . The grains of the sintered compacts in conventional treatment grow discontinuously, and the grains of the microwave sintered compacts homogeneously.
RESULTS AND DISCUSSION
The lower green density of the μS samples, 32.6% of TD for the OA ceramics and 43.6% of TD for the PM ceramics in comparison with A1K ceramics (~50% of TD) illustrates the diffi culty involved in the conformation of these materials. The low powder compaction can be attributed to the use of nanosized powder (particle size ~ 30 nm) and correspondingly smaller pore size in the green body. Critical pore size is achieved at a lower density than in the case of the A1K powder with higher particle sizes; thus, the higher values for the green compacts density of A1K previously indicate the higher sintered density for those ceramics.
Cheng et al. [16] found the same difi cult when they tryied to densify nanometric alumina particles, achieving green bodies with ~ 52% T.D. when sintering nanometric alumina ceramics using microwave energy. The alumina powders were doped with 0.05wt.% of MgO and fi red 
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in H 2 atmosphere. These authors demonstrated that the addition of MgO was fundamental in improving the sintering process of nanometric powders. In addition, Agrawal [10] observed that ceramics with a green density higher than 45%TD is more favorable for μS sintering than for cS. Table I lists the values of the measured grain sizes in the sintered ceramics presented in Fig. 4 . As can be seen, the μS values are lower than those of the cS samples. In addition, the fi nal grain size was similar for both ceramics, PM and OA. The control of grain size and grain growth is very important for producing advanced ceramics because abnormal grain growth and grain size infl uence the characteristics of the ceramic product [17] . Because direct heat transfer in microwave irradiation is more effi cient than in conventional irradiation heating, the microwave sintering process was found to occur mainly by grain boundary diffusion, as indicated by the low neck ratios [18] , promoting densifi cation without grain growth. Chen and Wang [19] studied two-stage 
[Figura 4: MEV das fraturas das cerâmicas (a) AlK-eS, (b) AlK-μS, (c) AO-cS, (d) AO-μS, (e) PM-cS, and (f) PM-μS.]
sintering of alumina with submicrometer grain size and reported the success for densifi cation of a nanometer sized yttria powder without the fi nal stage of grain growth. They postulated that at a certain temperature range (called "kinetic window") densifi cation is already in operation, while the grain boundary motion is not yet activated. The cS samples probably reached this "kinectic window" while PM and OA ceramics did not due to the initial nanosized particle.
CONCLUSIONS
The samples obtained by microwave sintering presented a fi ner microstructure than those produced by conventional sintering. This may have resulted from the high heating rate, which favors the sintering process by boundary diffusion. The commercial alumina reaches densifi cation (99.2%TD) in less time by the microwave sintering process than in the conventional one due to the direct transfer of microwave energy to the samples, which accelerated the densifi cation process. The ceramics produced with chemically synthesized alumina powders did not densify but density values reached results slightly close the ones obtained in the conventional furnace, even being heated for less time. This is due to their low values of green density, which hindered the densifi cation process. 
